production, which accumulated as PROTO. Exposure to 3.9 M As(III) inhibited UROIII-S activity (down to 34%), and PBG-D and URO-D activities to a lower extent; these effects were magnified by ALA supplementation. As(III) also produced an intracellular accumulation and a decreased excretion of PROTO, and a 31% reduction of the COPRO/URO ratio in the culture medium. Additionally, As(III) caused cytoplasmic vacuolization and lipid accumulation. Our results show that As(III) exposure selectively inhibits several intermediary enzymes of heme metabolism and affects the intra-and extracellular content of porphyrins and their ratio in the culture medium. They also confirm that 3T3-hepatocytes are a suitable in vitro model to study hepatic heme metabolism and its alterations by hepatotoxic chemicals.
Heme, a complex of iron and protoporphyrin IX (PROTO), is the prosthetic group of the hemoproteins. It is synthesized mostly in bone marrow (85%) for hemoglobin production, and the remaining 15% is synthesized in the liver and other tissues and used as a component of several other hemoproteins. The rate-limiting step in heme production is the synthesis of 5-aminolevulinic acid (ALA), which is catalyzed in the liver by the mitochondrial enzyme ALA-synthase 1 (ALA-S1). ALA-S1 plays a key regulatory role and is under negative feedback regulation by heme, the end product of this pathway (Hamilton et al., 1988; Wyckoff and Kusher, 1994) . Porphyrins are intermediate metabolites in heme biosynthesis. Alterations in one or more steps of the biosynthetic pathway, characterized by accumulation of porphyrins and their precursors, can be induced in man and experimental animals by exposure to certain chemicals (DeMatteis, 1988) , including metals.
Arsenic compounds are hepatotoxic to humans and experimental animals (ATSDR, 1992) and produce alterations in heme biosynhthesis (Woods and Fowler, 1977) ). Acute exposure to arsenic causes a biphasic alteration of ALA-S activity, increasing 2 or 3 h after exposure and decreasing afterwards (Sardana et al., 1981) . In addition, arsenite (As(III)) administration to rats decreases the free heme pool (Cebrián et al., 1988) and increases bilirubin excretion resulting from the degradation of recently synthesized heme (Albores et al, 1989) . Subchronic exposure to arsenic in rats inhibits ALA-S and ferrochelatase activities, which catalyze limiting steps in the heme synthesis pathway, leading to increases in uroporphyrins (URO) and coproporphyrins (COPRO) (Woods and Fowler, 1977) and COPRO urinary excretion (Martínez et al, 1983) . In chronically-exposed humans, arsenic alters heme metabolism as shown by an inversion of the urinary COPRO/URO ratio (García-Vargas et al., 1991) .
Primary cultures of adult rat hepatocytes have been used extensively to study hepatic functions and their alterations by toxic chemicals. However, they lose most of their differentiated functions after a few days when maintained under conventional culture conditions (Berry et al., 1991) . When hepatocytes are seeded on a feeder layer of 3T3 cells, they preserve their typical morphology and differentiated functions for at least 4 weeks (Kuri-Harcuch and Mendoza-Figueroa, 1989; Sierra-Santoyo et al., 1994) . Although 3T3-hepatocytes produce porphyrins for 28 days when maintained with ALAsupplemented culture medium (Quintanilla-Vega et al., 1995) , the activities of heme biosynthetic pathway enzymes and the levels of intermediate porphyrins have not been characterized in these cultures.
In spite of the well-documented arsenic effects on hepatic heme metabolism, there is little information regarding its effects on the intermediary enzyme stages, such as the formation of the porphyrin ring and its subsequent decarboxylation. Therefore, the aims of this work were: (i) to characterize the activities of porphobilinogen deaminase (PBG-D), uroporphyrin III synthase (UROIII-S) and uroporphyrin III decarboxylase (URO-D), as well as the corresponding intermediary porphyrin production in long-term cultures of adult rat hepatocytes, and (ii) to evaluate the effects of 2-week-exposure to 3.9 M arsenite (As(III)) on heme biosynthesis. Our results show that 3T3-hepatocyte cultures maintain the activities of these enzymes for 15 days and produce several porphyrins, mostly PROTO, and that 2-week exposure to As(III) inhibits heme enzyme activities and PROTO excretion.
MATERIALS AND METHODS

Chemicals.
Collagenase type IV, bovine serum albumin fraction V, insulin, hydrocortisone, d-biotin, and 5-aminolevulinic acid were obtained from Sigma Chemical Co. (St. Louis, MO); arsenic trioxide (As 2 O 3 ), methanol of UV and HPLC grades from Merck GmbH (Darmstadt, Germany); calf serum from Hyclone (Logan, UT); uroporphyrin I and III, coproporphyrin I and III, protoporphyrin IX, pentaporphyrin I, and porphobilinogen, all as dihydrochloride salts were from Porphyrin Products Co., (Logan, UT); and mitomycin C was a gift from Bristol Meyers Co. (Syracuse, NY). All other chemicals were of the highest analytical grade and purchased from J. T. Baker (Mexico City).
Hepatocyte cultures. Hepatocytes were isolated from male Wistar rats (180 -200 g) by the collagenase-perfusion method and seeded (3 ϫ 10 6 cells per 100-mm culture dish) on a feeder layer of lethally treated 3T3 cells (3.5 ϫ 10 6 cells per 100-mm culture dish) as previously described (Kuri-Harcuch and Mendoza-Figueroa, 1989) . Cells were fed with Eagle's medium modified by Dulbecco-Vogt without phenol red, supplemented with 7% calf serum, 5 g/ml insulin, 10 Ϫ7 M d-biotin and l0 g/ml hydrocortisone and placed in a 37°C humidified incubator gassed with 90% air-10% CO 2. Hepatocytes were cultured for 15 days with daily changes of supplemented culture medium containing ALA at a final concentration of 150 M. ALA was added to the culture dishes for the first time 2 h after seeding and every day afterwards. Parallel cultures were maintained with supplemented culture medium without ALA addition.
Treatment with As(III). Stock solutions of sodium As(III) were prepared from arsenic trioxide dissolved in 1 N NaOH. Arsenic was added to the culture dishes 2 h after seeding at final concentrations of 3.9 M As(III). Preliminary experiments showed that exposure to 1.33 M As(III) produced small changes in heme synthesis, whereas 6.67 M As(III) was cytotoxic after two weeks of exposure (Sierra-Santoyo et al., 1996) . Control cultures were maintained with supplemented culture medium containing ALA. Culture media were changed daily.
Porphyrin extraction and quantification. Porphyrin extraction and quantification were carried out essentially as described by Grandchamp et al. (1980) with some modifications (Quintanilla-Vega et al., 1996) . Briefly, for excreted porphyrins 1 ml of centrifuged medium was mixed with 1 ml of 2 M HClO 4 /CH 3 OH (1:1, v/v), gently shaken and centrifuged at 4°C. For cytoplasmic porphyrins, after rinsing twice with cold 0.1 M sodium phosphate buffer (pH 7.4), cells were scraped using a rubber policeman and mixed with 1 ml of 1 M HCl0 4 /CH 3 OH (1:1, v/v). The resulting cell suspensions were shaken and centrifuged at 4°C. The clear solutions containing the acidic porphyrins were used for porphyrin determination. Concentrations of individual porphyrins were determined fluorometrically in an LS30 Perkin Elmer Spectrophotofluorometer (Norwalk, CT). The excitation and emission wavelengths were 402-592, 406 -596, and 410 -610 nm for COPRO, URO and PROTO, respectively. The accuracy of the method was tested with known mixtures of the porphyrins and calibrated with crystalline COPRO III in 0.1 N HCl, URO in 0.5 N HCl, and PROTO in 2.7 N HCl. Excreted porphyrins were assayed daily in the culture medium and intracellular porphyrins after 1, 7, and 15 days of exposure to As(III). Results were expressed per ml of culture medium (excreted porphyrins) or mg of protein (intracellular porphyrins) using bovine serum albumin as a standard (Lowry et al., 1951) .
Enzyme assays. The activities of PBG-D (EC 4.3.1.8), UROIII-S (4.2.1.75) and URO-D (4.1.1.37) were assayed as described (Lim et al., 1986; Wright and Lim, 1983) . Briefly, cells were rinsed twice with cold 0.1 M sodium phosphate buffer (pH 7.4), scraped with a rubber policeman and mixed with the same buffer. The cell suspension was disrupted by sonication and PBG-D and UROIII-S activities were determined simultaneously, taking advantage of the termolability of UROIII-S.The enzymatic reaction was initiated by porphobilinogen addition; the production of URO I and III was determined by HPLC and used to calculate the activities of PBG-D and UROIII-S, respectively. For the determination of URO-D activity, samples containing disrupted cells were incubated for 1 h with pentacarboxyporphyrinogen I, and the production of COPRO I was quantified by HPLC.
Cell morphology and viability. Hepatocyte morphology was examined and photographed with an Olympus inverted photomicroscope model IMT equipped with a photographic system model PM-10 AD. Cell viability was monitored by the leakage of 4 intracellular enzymes into the culture medium. Lactate dehydrogenase (LDH, EC. 1.1.1.27), aspartate aminotransferase (AST, EC. 2.6.1.1), alanine aminotransferase (ALT, EC. 2.6.1.2) and arginase (EC. 3.5.3.1) were assayed as previously described (Quintanilla-Vega et al., 1995; Sierra-Santoyo et al., 1996) . Statistical analysis. Statistical comparison between two experimental groups was performed with the unpaired Student's t-test. When data from more than 2 experimental groups were compared, a 2-way ANOVA was performed followed by the "post hoc" Tukey's method. Statistical significance was set at p Ͻ 0.05.
RESULTS
Activity of Some Heme Pathway Enzymes in Cultured Hepatocytes and Effect of As(III) Exposure
The activities of the cytoplasmic enzymes PBG-D, UROIII-S and URO-D were maintained for 2 weeks in 3T3-hepatocytes (Table 1) . When ALA was added to the culture medium, a statistically significant increase in the activity of PBG-D (3.2-fold) was observed after 24 h, and this effect was maintained after 1 and 2 weeks in culture (2.3 and 2.6-fold, respectively) (Table 1) . Similarly, UROIII-S activity increased about 50% after 24 h and 1 week of incubation with ALA, whereas there was no change in URO-D activity (Table 1) .
The exposure of hepatocytes to As(III) significantly inhibited the enzyme activities and this effect was more prominent in ALA-supplemented cultures as compared with non-supplemented ones (Fig. 1) . PBG-D activity decreased 30% after 1-and 2-week exposure in cultures supplemented with ALA, whereas in non-supplemented cultures, a comparable inhibition was observed only after the 2-week exposure (Fig. 1A) . Similarly, in ALA-supplemented cultures, UROIII-S activity was inhibited by 25, 43, and 34% after 1, 7, and 15 days exposure to As(III), respectively, whereas in non-supplemented cultures, a similar inhibition was observed only after 2 weeks of expo-sure (Fig. 1B) . On the other hand, URO-D activity decreased 27% only in ALA-supplemented cultures treated with As(III) for 15 days (Fig. 1C) .
Cytosolic Porphyrins in Cultured Hepatocytes and Effect of As(III) Exposure
Porphyrins were undetectable in cultures not supplemented with ALA. In ALA-supplemented cultures, total porphyrins increased 2.3-and 3.7-fold after 1-and 2-weeks in culture, respectively ( Fig. 2A) . The increase was mostly due to PROTO accumulation, since URO did not change during the culture time and COPRO was undetectable (Figs. 2B and 2C ). In As(III)-exposed cultures, total porphyrin content increased by 70 and 30% after 1 and 7-15 days, respectively ( Fig. 2A) .
Porphyrin Excretion into the Culture Medium by Cultured Hepatocytes and Effect of As(III) Exposure
Hepatocytes maintained with ALA-supplemented culture medium excreted porphyrins during two weeks with an oscillatory profile. The initial amount decreased 50% during the first 2-3 days and then increased consistently, reaching maximum values after 10 and 13 days that were 2.4-and 2.7-fold higher, respectively, than the initial value (Fig. 3A) . PROTO was the predominant porphyrin representing an average of 70% of total porphyrins, and their excretion profile was very similar to that of total porphyrins (Fig. 3B) . COPRO and URO represented an average of 16% and 15%, respectively, of the total porphyrins (Figs. 3C and D) .
As(III) exposure produced a biphasic pattern in total porphyrin excretion into the culture medium with an initial increase (47-65%) during the first 2 days and then a consistent decrease (23-55%), compared with unexposed cultures (Fig.  3A) . A similar pattern was observed for PROTO excretion, with an initial increase (54 -80%) and then a consistent decrease of 29 -79%, compared with unexposed cultures. On the other hand, COPRO excretion in As(III) exposed cultures had a pattern which was characterize by an increase (up to 31%) and a decrease (down to 61%) (Fig. 3C) , while URO excretion generally increased up to 2.2-fold (Fig. 3D) .
The ratio between excreted COPRO and URO (COPRO/ URO) in control cultures was higher than 1.0 in 9/14 days (average 1.32), whereas in As(III) treated cultures it was lower than 1.0 in 10/15 days (average 0.76). Therefore, the COPRO/ URO ratio in As(III)-treated cultures was lower than in untreated cultures in 11/14 days, and the decrease was down to 71% ( Table 2) .
Effect of As(III) Exposure on Hepatocyte Morphology
Control hepatocytes maintained their typical polygonal morphology with granulous cytoplasm, intercellular spaces resembling biliary canaliculi, and some intracytoplasmic lipid droplets; ALA addition to the culture medium for 15 days did not affect cell morphology (Fig. 4A and 4B ). Exposure to 3.9 M As(III) for 15 days caused time-dependent changes in cellular morphology, including intracytoplasmic lipid accumulation and especially intracytoplasmic vacuolization, observed after 4 -5 days, which was more evident after 15 days of exposure (Fig. 4C) .
No cytotoxic effects, as estimated by leakage of four cytoplasmic enzymes, were detected in ALA-supplemented cultures as compared with non-supplemented ones, and in As(III)-exposed cultures as compared with unexposed ones at any time (data not shown).
DISCUSSION
Hepatocyte primary cultures are useful in vitro models for pharmacological and toxicological investigations, but they must preserve liver-specific functions for the data obtained to be meaningful (Blaauboer et al., 1994) . The decrease of hepatic functions in these cultures reduces their utility in longterm studies. We have shown previously that 3T3-hepatocytes maintained with ALA-supplemented medium produce porphyrins for up to 28 days (Quintanilla-Vega et al., 1995) . In this work we showed that 3T3-hepatocytes produced intermediary porphyrins, mostly PROTO, and preserved the activities of PBG-D, UROIII-S, and URO-D for up to15 days. Expression of differentiated functions in hepatocytes, under several conditions that allow long-term survival, is mostly due to stabilization of hepatic specific mRNAs (Berry et al., 1991) , because changes in hepatic gene transcription occur immediately after isolation and primary culture of hepatocytes (Clayton and Darnell, 1983; Clayton et al., 1985) . Intermediary heme enzymes are maintained in 3T3-hepatocyte cultures, probably due to mRNA stabilization and/or partial recovery of transcription rates, as shown for albumin and other liver proteins in hepatocytes co-cultivated with rat liver epithelial cells (Fraslin et al., 1985) . Preliminary experiments show that mRNA levels of albumin, transferrin, fibrinogen, apo A-I, and apo E are maintained in 3T3-hepatocyte cultures for 4 weeks (data not shown).
ALA-supplemented 3T3-hepatocytes produced intermediary porphyrins, which accumulated mostly as PROTO, both intracellularly and in the culture medium. ALA-supplemented primary cultures of chick embryo (Sinclair et al., 1984) , rat (Jinno et al., 1997) and human hepatocytes (Visser et al., 1991) also accumulate PROTO as do human hepatoblastoma HepG2 cells (Visser et al., 1991) . ALA addition to the culture medium bypasses ALA-S1 which, in the liver, is the rate-limiting enzyme of heme biosynthesis. Experiments with chick embryo (Sinclair et al., 1984) and human hepatocyte cultures (Visser et al., 1991) suggest that ferrochelatase may be the rate-limiting enzyme in the hepatic metabolism of large amounts of exogenous ALA. Studies in cultured tumor and hamster V79 cells showed that after the addition of ALA, the activity level of PBG-D and PROTO increased, but the activity of ferrochelatase did not, indicating that PBG-D may be a rate-limiting step in the synthesis of PROTO (Bech et al., 1997; Gibson et al., 1998) . In addition, in 3T3-hepatocyte cultures not supplemented with ALA, PBG-D activity was 84-fold lower than that of UROIII, but PBG-D activity increased about 3-fold after ALA addition. Low PBG-D basal activity and its increase in ALA-supplemented cultures are in agreement with the suggestion that PBG-D may be the rate-limiting enzyme for the hepatic metabolism of exogenous ALA (Healy et al., 1981) . However, PROTO accumulation may be interpreted as supporting the role of ferrochelatase as a rate-limiting enzyme (Sinclair et al., 1984; Visser et al., 1991) .
FIG. 3.
Effect of As(III) exposure on excreted porphyrins. Hepatocytes were maintained with culture medium containing 150 M ALA without (s) or with 3.9 M As(III) (F). After exposure for the indicated times, porphyrins were determined in the culture medium: (A) total porphyrins, (B) protoporphyrins, (C) coproporphyrins and (D) uroporphyrins. Results are mean Ϯ SD from 4 culture dishes in a typical experiment. Similar results were obtained in at least 2 independent experiments. * p Ͻ 0.01 as compared with unexposed cultures.
Total porphyrin, especially PROTO excretion into the culture medium, increased with culture time and reached a maximum after 10 days, whereas intracellular accumulation of these metabolites was also found, probably due to saturation of the excretion processes. URO and COPRO (especially isomer III) are excreted in the urine, while PROTO and COPRO (especially isomer I) are secreted into the bile by nonvesicular carriers targeted to the canalicular domain of the plasma membrane (Berenson et al., 1995) . In cultured hepatocytes, the secreted/excreted products through sinusoidal and canalicular domains of the plasma membrane accumulate in the culture medium.
Exposure to 3.9 M As(III) produced two opposite responses: whereas intracellular porphyrins increased with exposure time, extracellular porphyrins decreased as compared with unexposed cultures. The intracellular porphyrin accumulation in As(III)-exposed cultures is paradoxical, since a decrease in enzyme activities (mostly PBG-D and UROIII-S) was also observed. In vivo experiments have shown similar increases in total porphyrin content in the liver of As(III)-exposed mice . The paradoxical distribution of porphyrins in the cytosol and culture medium could be explained by an insufficient metabolic energy supply, since arsenic can inhibit the synthesis of ATP (Gresser, 1981) . The activity of mdr2 P-glycoprotein, an ATP-dependent drug efflux pump, which has been implicated in hepatobiliary removal of the hydrophobic organic anion PROTO and biliary secretion of coproporphyrin I and III (Beukeveld et al., 1996) , is inhibited by SH-oxidizing reagents (Gatmaitan et al., 1994) such as As(III). Additionally, intracellular porphyrin accumulation could also result from ferrochelatase inhibition by As(III), since As(III) may bind to the vicinal thiol groups involved in the interaction of Fe(II) with the enzyme (Daily, 1984; Daily et al., 1983) .
Decreases in the COPRO/URO ratio observed in the media of As(III)-exposed cultures, due to lower COPRO and higher URO, are in agreement with studies in humans chronically exposed to arsenic in drinking water, where the urinary COPRO/URO ratio decreased by 50% (García-Vargas et al., 1991) .
The arsenic concentration used in this work (3.9 M equivalent to 0.3 g/ml) is similar to that observed in liver (0.49 -0.74 g/g) of rats fed with chow containing 0.53 g/g and 0.51 g/l in the drinking water (Schroeder and Balassa, 1966) . This concentration is lower than the urinary arsenic concentration measured in chronically exposed humans (0.51-2.1 g/ml) (García-Vargas et al., 1991) , and is similar to that present in contaminated water (0.4 mg/l), which affects porphyrin excretion in chronically exposed humans (García-Vargas et al., 1994) .
As(III) addition to cultured hepatocytes decreased most UROIII-S activity and, to a lesser extent, that of PBG-D and URO-D. Our results contrast with those of García-Vargas et al. (1995) , who observed increased PBG-D and UROIII-S activities in the livers of mice chronically exposed to As(III) in drinking water. PBG-D and UROIII-S inhibition could result from the ability of As(III) to bind to sulfhydryl groups essential for catalytic activities. In fact, it is known that: (i) the deamination of porphobilinogen by PBG-D and the formation of the methene bridge occur at a single catalytic site in domain 3 that contains a conserved cysteine (Wyckoff and Kushner, 1994) , and (ii) the most common mutation in UROIII-S, which reduces its activity to less than 2% of normal, is 73 cys-arg (Warner et al., 1992) . Therefore, binding of As(III) to these cysteine residues might explain the inhibitiion of PBG-D and UROIII-S activities. On the other hand, URO-D inhibition by arsenic is well documented, but the involved mechanisms have not been determined. As(III) and As(V) inhibit URO-D activity in liver homogenates (Woods and Fowler, 1977) as well as renal and hepatic URDO-D activity . URO-D inhibition was also suggested in humans chronically exposed to arsenic (García-Vargas and Hernández-Zavala, 1996) .
In 3T3-hepatocytes, morphological observations and enzyme leakage (Quintanilla-Vega et al., 1995) do not support ALA toxicity after 2 and 4 weeks of exposure to 150 M. However, in ALA-supplemented cultures, As(III) inhibited enzyme activities to a higher extent than in non-supplemented cultures, most probably due to the pro-oxidant effects of both toxic chemicals (Buchet and Lauwerys, 1987; Neal et al., 1997; Wen-Chang et al., 1991) . ALA produces pro-oxidant effects in CHO cells by decreasing reduced glutathione levels and increasing oxidized glutathione levels and malondialdehyde equivalents (Neal et al, 1997) . Exposure to 3.9 M As(III) resulted in cytoplasmic vacuolization observed after 4 -5 days of exposure, independently of ALAsupplementation to the 3T3-hepatocytes. A similar effect was described in 3T3-hepatocytes exposed to 6.69 but not to 1.33 M As(III) (Sierra-Santoyo et al., 1996) . Vacuolization could be due to lipid peroxidation and membrane damage after depletion of reduced glutathione, which is essential in preserving membrane integrity (Meister, 1991; Uhlig and Wendel, 1992) . In fact, inorganic arsenic reduces glutathione content in rat liver and cultured endothelial cells (Buchet and Lauwerys, 1987; Wen-Chang et al., 1991) . Accumulation of lipid droplets was also seen in As(III)-exposed cultures. This is in agreement with the increase in total hepatic lipids observed in mice exposed to arsenic, which is reversible after exposure ceases (Benes et al., 1981) .
In summary, our results show that 3T3-hepatocytes preserve, for at least 2 weeks, the activity of several enzymes of heme biosynthesis, and that long-term exposure to As(III) concentrations, similar to those found in experimental animals and exposed humans, selectively inhibits several intermediary enzymes and PROTO excretion. They also show that 3T3-hepatocyte cultures are a suitable in-vitro model for the study of hepatic heme biosynhthesis and the long-term effects of hepatotoxic chemicals on specific steps of this metabolic pathway.
